SUMMARY Intestinal morphology and brush border hydrolase activities were determined along the small intestine of young adult (three months, n=10), mature (12 months, n=10), and senescent (29 months, n=15) rats. The intestinal segments of the senescent rats contained higher mucosal mass and protein content (p<O.OS) compared with the young and mature animals. A significant reduction of villus height and crypt depth (p<0.05) was found in the proximal intestine during aging. A 35% increase in villus height (p<005) without changes in crypt depth, was observed in the distal ileum in senescent rats. The activities of sucrase and isomaltase were significantly increased during aging in the duodenum and jejunum (p<005). Lactase and aminopeptidase activities which showed only minor changes between young and mature animals were significantly enhanced in senescent animals (p<0.05) with aminopeptidase exhibiting a three-fold increase in activity in the proximal ileum. The results when combined with those of previous studies suggest that in the aged animal, the increased level ofintestinal hydrolase activities may be the consequence of prolonged cellular maturation along the villi in the proximal intestine, and of adaptation to increased concentrations of intraluminal substrates in the distal intestine.
A spectrum of changes occurs in the function of the gastrointestinal tract throughout the life of the animal.' In contrast with other systems, however, such as the cardiovascular system, in old age the gastrointestinal tract does not reveal dramatic structural and functional deteriorations which might be expected to arise from the body's aging process. Aging has been shown to cause a reduction in pancreatic digestive enzyme content, but the residual activities are sufficient to allow digestion to proceed normally.2 In the intestine it is controversial whether aging is associated with important morphological or functional changes. For example, it has been reported that the length of the villi is either reduced or increased during aging depending on the intestinal segment and on the species studied.' The activity of the digestive enzymes located in the brush border membranes has been shown to be reduced,378 maintained,9 or increased6 in old age. In order to gain better insight in the changes occurring in the functional capacities of the small intestine during aging, we have examined the activity of various brush border hydrolases at several locations along the entire small intestine of young adult (three months), mature (12 months) , and senescent (29 months) rats.
Methods

ANIMALS
The studies were carried out with male Wistar rats originating from the breeding laboratories R Janvier (St Berthevin, France). The animals were obtained at least one month before the experiments began and were housed in individual metabolic cages The body weight of the rats increased constantly during aging from approximately 380 g in the young adult to 600 g in the senescent animal (Table 1 ). The total small intestinal length was remarkably stable at each age (Table 1) . In all groups, the distal ileum exhibited lower mucosal mass. All along the small intestine of the senescent animals, the intestinal segments contained higher mucosal mass as compared with the three and 12 month old rats (Table 1) .
The protein content of the jejunoileal segments was significantly increased in the older animals ( Table 2 ). In contrast, only minor changes were noticed in the duodenum. As illustrated in Table 2 , aging did not cause significant alterations in the protein content of the brush border membranes. The brush border protein yield for a given intestinal segment exhibited no significant age-related changes. The yield was of 3-6 to 4.2% in the duodenum, 3.8 to 4% in the proximal jejunum and 4 to 4-2% in the Intestinal segments: 1 =duodenum; 2=proximal jejunum; 3=proximal ileum; 4=distal ileum. l: young adults; U: mature rats; W: senescent rats. In a given segment a*b*c, p<O0O5.
proximal ileum. The lowest protein concentration was obtained in the brush border membranes of the distal ileum and the same protein yield (3.6%) was measured in all age groups.
EFFECT OF AGE ON INTESTINAL MORPHOLOGY
A classical method of determining histological differences in intestinal dimensions consist in measurements of villus height and crypt depth. As shown in Figure 1 , in all age groups, an oral-aboral gradient was present so that the height of the villi constantly decreased from proximal to distal intestine and the gradient was more pronounced in the young adults.
A rapid reduction in the height of the villi was observed in animals older than three months. In the 12 month old rats, the shortening of the villi was about 10% in the duodenum and jejunum and reached 20% in the proximal ileum. No further alterations were observed in the senescent animal which showed a similar pattern in the proximal intestine as the 12 month old rat. It was noteworthy that aging caused an increase in the height of the villi in the distal part of the small intestine. Thus, in the senescent rat the height of the villi measured in the distal ileum was 35% taller than in the three month old rat (Fig. 1) . Crypt depth showed a slight reduction after three months of age in the proximal intestine, but no changes were observed during aging in the distal ileum.
DISTRIBUTION OF BRUSH BORDER ENZYMES ALONG THE INTESTINE
As shown in Figures 2 and 3 enhanced all along the intestine of the senescent rats but kept during aging the same oral-aboral distribution pattern (Figs. 2 and 3 ).
Discussion
Our results show that aging provokes an increase in the activity of the hydrolases located in the intestinal brush border membranes of the senescent animals as compared with younger rats. The increase in the body weight obtained from three to 29 months of age is similar to that reported previously by other investigators for Wistar rats."5 Information on the relative changes in size and length of the small intestine during aging is scarce. Our data, indicating that the total small intestinal length of three, 12, and 29 month old rats remains virtually unchanged are in agreement with those obtained previously by Penzes.'6 The present report indicates that the mucosal mass of the intestine and the mucosal protein content are increased in the senescent rat. These results, which corroborate well with previous findings obtained in mice6 and Fischer rats,4 might be the consequence of the increased submucosa and villi thickness observed with age.
The changes which occur with aging to the absorptive surfaces of the intestine show important differences between the proximal and distal regions. We show that the height of the villi is reduced with age in the duodenum and jejunum. We show that aging is associated with a rise in disaccharidase and aminopeptidase activities in the intestine of older animals. At first glance, these results seem to be in conflict with other studies indicating that the activities of intestinal enzymes were significantly reduced during aging." The discrepancy may arise from the way enzyme activity is expressed or the type of material used for the enzyme assays (total homogenates or purified brush border membranes). In fact, because mucosal weight and protein content is higher in the older animals, an apparent reduction in enzyme activity will be obtained when enzyme activity is referred either to mucosal weight or to protein content (specific activity). When enzyme activity is expressed as total activity, however, the same results clearly show a maintenance of an increase in intestinal enzyme activity during aging."7 Furthermore, we have also measured enzyme activity in purified brush border membranes which exhibited only minor variations in their protein content between the three age groups. A significant increase in the specific activity of the disaccharidases and aminopeptidase was obtained along all the small intestine during aging. As discussed above, in the proximal intestine of senescent rats, the increased enzyme activities in the brush border membranes might be directly related to the presence of more mature epithelial cells lining up the villi as a consequence of reduced cellular transit rate. A similar explanation does not seem to be adequate in order to explain the increased enzyme activities measured in the distal ileum of older animals. In contrast with the duodenum and jejunum, the distal ileum of the senescent animal exhibited no age related changes for villus-crypt architecture. It has been shown that absorption is impaired in the proximal intestine of aged animals.5 5 1622 Thus, when absorption in the proximal intestine is decreased, a greater amount of nutrients will be present in the lumen of the ileum. Consequently, increased concentrations of substrates in the lumen will cause ileal hypertrophy and stimulation of brush border hydrolase activities.23 In older animals, increased hydrolase activities in the ileum might be related to substrateinduced enzyme stimulation originating from the increased availability of intraluminal substrates. Because aging rats consumed 20% less chow than young animals, the adaptive response of the ileum was not caused by greater food intake.
The present results taken together with previous studies suggest that aging might initiate mainly two types of adaptive responses in the small intestine. In the proximal intestine (duodenum and jejunum), the functional capacities of the epithelial cells might be increased as a consequence of prolonged maturation of these cells along the villi. In the distal part of the intestine (ileum), the enhanced capacity to digest disaccharides and peptides might be a consequence of adaptation to increased concentrations of intraluminal substrates in order to compensate for the reduced absorptive capacity of the jejunum in the aged animal. 
